ABSTRACT. Previous studies showed that cell surface heparan sulfate (HS) is involved in density-dependent growth regulation of normal human cells. In this study the effects of HS on proliferation of transformed cells were studied in vitro. Exogenously added HS prepared from normal tissues (rat kidney and bovine kidney) enhanced growth of transformed human and animal cells (gamma ray-or virus-transformed WI-38, and HeLa cells and chemically induced mouse hepatoma cells), but inhibited that of normal human and animal cells (WI-38, 3T3, and rabbit liver cells). HS was less effective on growth of both normal and transformed human cells at higher cell density. Although the exogenous HS did not bind to cells tightly, HS was found to affect cell growth not by modulation of growth-related substances in the medium, but through contact with the cell surface. HS preparation from tumour cells (mouse hepatoma cells) exerted similar effects on cell growth. Heparin, structurally similar to HS, inhibited growth of both normal and transformed human cells. These findings suggest that : 1. HS plays a particular function in contact regulation of cell proliferation. 2. Transformation-related changes in the structure of HS molecules do not much affect the function of HS. 3. The cellular transformation, however, is accompanied by alteration in the growthregulating system sensitive to extracellular HS.
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Heparan sulfate (HS), one of the glycosaminoglycans (GAG), has been demonstrated to be a component of the surface membranes of both human and animal cells (7) and to play some role in regulation of cell proliferation (5, 16 ). Previously we reported that increase in the relative content of HS on the surface of senescent human fibroblasts is related to decreased cell growth with cellular aging and that HS is involved in contact inhibition of cell proliferation (9, 10) . These studies also indicated that the sensitivity of normal human cells to HS does not change with cellular aging.
Loss of contact inhibition and gain of infinite proliferative ability are two typical characteristics of transformed cells. Transformation-related changes in HS have been reported (4, 6, 17) . It is not known, however, how HS regulates cell growth and whether changes in HS are related to the altered proliferative ability of transformed cells. bovine kidney HS. The results in Table 1 show that HS affected cell growth of both cell strains less at higher density. Effects of HS prepared from tumour cells on cell growth. Next we examined whether transformation-related structural changes in HS inactivate its growth-modulating ability by comparing the effects of HS from normal tissue and from tumour cells. The results in Fig. 4 show that HS preparations from rat kidney and from MH134SC hepatoma cells had similar effects on growth of HEF and MH134SC cells, although hepatoma cell HS was slightly less effective. Effects of heparin on cell growth. Since heparin and HS are closely related GAGs, composed of essentially the same polysaccharide chain structure although HS contains less iduronic acid and sulfate than heparin (8) , it was expected that they should exert similar effects on cell growth. The results in Fig. 5 , however, show that heparin inhibited growth of both normal and transformed WI-38 cells. This inhibition 
DISCUSSION
The present study demonstrated that exogenous HS enhanced growth of transformed human and animal cells in vitro, but inhibited growth of normal cells. Although 3T3 cells are not normal diploid cells with a finite life span, they retain the property of contact-inhibited growth. Thus, HS inhibited cell growth of strains showing contact inhibition. The extents of the growth modulation by HS do not seem sufficient to consider that cell proliferation is regulated entirely by HS. Further, some variation of cell growth rate under the essentially fixed experimental conditions was observed between experiments. We could not determine the reasons, but some factors of the 24-well plates affected the absolute rate of cell growth, although comparison between the paired samples was valid. These points may restrict the observed effects of HS on cell growth to qualitative estimation. The difference in growth modulation by HS between normal and transformed cell strains, however, was reproducible, suggesting the role of HS in cell physiology and its relation to cellular transformation.
Inhibitory effects of HS on growth of cultured cells have been reported (5, 16) , but the present paper is the first report of stimulatory effect of HS on cell growth. This stimulatory effect was observed in all the transformed cell strains examined, namely, human tumour cells, virus-or gamma ray-transformed human cells and chemically induced mouse hepatoma cells, under the same conditions that growth of normal human and animal cells was inhibited. This stimulatory effect of HS was particular, since heparin, another GAG closely related in the polysaccharide chain structure but with higher contents of iduronic acid and sulfate (8) , was found to inhibit growth of both normal and transformed cells. In contrast with our observation on MH134SC mouse hepatoma cells, growth of AH-130 rat hepatoma cells was inhibited by HS (and its proteoglycan) from rat hepatocyte membrane at similar doses (5) . This difference might be because suspensions of single cells in culture, lacking direct cell interactions, respond to HS differently from cells attached to a substrate or growing in clusters like MH134SC cells in our culture conditions. The effect of HS on AH-130 cells should, however, be examined in our experimental system to confirm that HS generally enhances growth of transformed cells.
HS synthesized by transformed cells was found to have molecular changes (4, 6, 17) . If HS is involved in normal regulation of cell proliferation, it is possible that the loss of density-dependent growth regulation in transformed cells can be attributed to the alteration of HS in transformed cell culture. The present study showed that HS derived from tumour cells had similar growth-modulating effects to HS from normal tissues. Therefore, it seems that the observed growth stimulation in transformed cells was due to alteration of the growth-regulating system rather than to changes in HS molecules, suggesting that the system for normal regulation of cell proliferation includes a HS-sensitive system that is altered in transformed cells.
Treatment with exogenous HS increased the proportion of sulfated GA Gs on the surface of normal human cells, but increased that of hyaluronic acid on the surface of their transformants (our preliminary observations). These changes in GAG metabolism by HS might be involved in the differential growth modulation between normal and transformed cells, since the proportion of sulfated GAGs was reported to be higher in crowded culture of normal cells but to remain at a low level in both sparse and crowded cultures of transformed cells (1) .
We reported previously that growth of normal cells was retarded when they were cultured on cell surface enriched with HS (9), suggesting that exogenous HS exerts its action by contact with the cell surface. The present study demonstrated that the first step of the action on cells is contact of. HS molecules with the cell surface. The observation of no significant binding or uptake of exogenous HS on cells suggests lack of tight interaction (such as binding with a receptor or intercalation into the cell surface membrane) between exogenous HS and cells. The experiment with Sepharose-coupled HS, however, demonstrated that HS modulated cell growth through contact with the surface of cultured cells but not by modification of any nutrient or growth factor in the culture medium. Therefore, the effects of exogenous HS on cell growth were reduced in dense culture, where the cells were in contact with a sufficient amount of HS on the surrounding cells.
The observation that HS treatment did not change the saturation cell density is consistent with the above conclusion. Our previous finding, however, showed that the saturation density of normal human cells decreased when cultured on a fixed cell sheet (9) . These contrary results on the saturation density suggest that proliferation in crowded culture of normal cells may be halted by other processes (such as limitation of adequate space for cell adhesion or spreading), following growth retardation by contact with exogenous HS.
In the present study, we demonstrated that exogenous HS modulated cell proliferation through contact with the cell surface and that growth of transformed cells was enhanced by HS, suggesting that HS might be involved in contact stimulation of neoplastic cell growth in vivo. We are now analyzing alterations of GAG metabolism in transformed cells in relation to the mechanism of growth regulation mediated by HS.
